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PERFORMANCE OF SEVERAL AIR EJECTORS WITH CONICAL MIXING

SECTIONS AND SMALL SECONDARY FLOW RATES
By S. C. Huddleston, H. D. Wilsted, end C. W. Ellis
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SUMMARY

Several ejector configurations were investigated to determine the
gbllity to handle the eir reguired for engine cooling. The results
presented are limited to investigations of conlcal-type mixing-~section
ejectors at ratios of mixing-section minimum dismeter to primary-jet-
nozzle dismeter of 1.21, 1.10, and 1.00 using unheated air. Results
were crosg~plotted In charts to show the performsnce of ejectors with
configurations wilthin the renge of those investigated.

The experimentel resulis showed that for dismeter ratlos of 1l.21
end 1.10 the spacing glving maximum alr Fflow varled with dlemeter

.ratlo bub did not vary with primery and secondary pressure ratios.

EJector operstion et & dismeter retio of 1.00 was comparatively crilb-
icel and use of dismebter ratlos close to 1.00 should be avolded. The
ejectors investigated conducted secondexry air flows of less then 15 per-
cent of the primsry alr flow when the secondary pressure retlio was less
than or equel to 1.0; in generel, the thrust obteined by uee of a
conical-mixing-section eJjector varied only slighily from that developed
by the primery Jjet 2lone but a small decrease In thrust was noted with
configuretlons having a large specing between the primery-Jjet exlt and
the nmixing-~section exit.

INTRODUCTION
Temperature limltatlions in the develomment of high=performance
turbojet engines and in the development of thrust augmentation by
such means as tail-plpe burning are of concern at the present stege
of Jet-engine develorment. The alr ejector as a simple, light-welight
wit for pumping cooling eir is promising s a solution to high-
temperature problems. The ejechor as a pumpling device and eas a thrust

sugmentor has been the subject of mmerous investligations, both theo=~
reticel snd experimental.
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Methods of theoreticel enalysis of ejectors are developed in
references 1 and 2; reference 1l also presents results of investiga-
tlons of ejectors having retios of mixing-section minimmm dlameter

to primsry-jet-nozzle dismeter Dé/‘np from epproximately 15.5 to 23.5

with stralght mixing sections after the conicel mixing section. Other
investigetions have been made with conical-mixing-section eJectors
having smaller diameter retios. In genersl, however, the avallable
eJector dete eapply to ejectors having diameter ratios too large to meke
them applicable to turbojet cooling problems.

In order to extend the range of existing performence dste and to
determine means of applying model-ejector deta to the design of full-scale
eJectors, the NACA Clevelend leboresbtory is comducting an experimental
and enelytical Investigation of cooling-alr ejectors. The purpose of
this investlgation 1s to establish the performence of various ejector
configwrations cepeble of pumping small gquentities of secondery air
(fram 5 to 30 percent of the quantity discherged by the primary-Jet
nozzle) and to correlate the results with ejector theory. Experimental
performence data obtelned with model eJectors having conicel mixing
sections and dlameter retios of 1.Z1l, 1.10, and 1.00 over a range of
prinery pressure ratios Py /po and secondary pressure ratios Ps/Po

are presented. In order to minimize the scale effect, the model egec-
tors were made as large es possible (primery-jet diameter, 4.0 in.),
being limited anly by the avallable air cepacity. This type of ejector,
although samewhat lesgs efficlent In performance than some configure-
tions, is of Interest in that 1t 1s simple to construct, is more durable
than meny other configurastions, end adepts 1tself well to nacelle and
to rear-fuselage Iinstellations. The investigation was conducted with

a conlcal primary-jet nozzle having a discharge dlemeter of 4 inches.
The air was unheated. The eJjector nomenclsture used herein is defined

in figure l.
APPARATUS

The epparatus nsed for the model-ejector investigation is sche=-
matically shown in figure 2. The high=veloclity alr of the primary
Jet discharges into the mixing section and ‘induces secondary flow
through the concentric mixing section. The perfarmance of an ejJec-
tor can be evaluated by measuring the amount of secondary eir flow
induced and the Iincrease in thrust due to the secondary flow &t veri-
ous conbingtions of primary-total-pressure ratlo and secondery-
preagsure ratio.
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The primasry and secondery systems are so separated ag to permlt
measurement of the flow through each and to control independently the
totael presswres. In both systems, alr flow 1s measured by standard
A.SM.E. sharp-edged orifices. Temperatures are measured by iron~
constanten thermocouples and a potentlicmeter. For the primary-Jeb
nozzle, the temperature and totel-pressure meesuring station is
located 4 dlameters upstream of the primery-nozzle exit end the sec-
ondary measuring stetlon ls flxed 17 inches upstresm of the primary-

Jet~nozzle exit. The temperstures of botk the primary TP end sec-

ondery Iy &lr supply were spproximately 8o° T during thess Investl-

gebiong. Thrust is measured by a balanced-dlephregm-type meesuring
device.

The model adr ejectors are mede as large as the avelleble alr
cepeclity willl allow in order to minimize the scele effect. The
primery-Jjet nozzle is a conlcel section with a 15° helf-cone engle
ay, ean exit dilsmeter of 4.0 inches, eand an epproech pipe with a
5.0~inch inside dlemeter. The conlcel mixing section has a 15°
half-cone engle end a 10.0-inch-dlsmeter spproech pipe. Chenges in
the spacing between the exit of the primsry-jet nozzle end that of
‘the secondery mixing section were made by lnserting straight flenged
spacers in the approach pipe shead of the conlcel mixing sectlcn.

RESULTS AND DISCUSSION
Experimentel Dats

The effect of primery pressure retio PP /po end secondsry pressure
ratio Ps/Po on indicated secondery weight flow WB for a fixed

conflgurabtlon 1s of great significance. Flgure 3 presents ejector-
charscteristic curves thet ere typlcel of the conlcel-type mixing-
section ejectors investigated. These curves show the veristion of |
secondary welght flow wilth primery pressure ratlo for severel sec-
ondery pressure ratios. At a primary pressure ratio of 1,(no primery
flow), the secondery weight flow is a function of secondary pressure
ratio elone. With secondery pressure ratlos grester then 1, increes-
ing the primery pressure ratlo rapldly blocke the secondary flow,
which had been using the totael flow area. With secondary pressure
retios less then 1, however, increasing the nrimery pressure ratlo
progresslvely blocks the backward flow through the secondery mixing
section (not shown in fig. 3) wntil a positive secondary flow is
obtained.
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The secondexry welght flow reaches a pesk velue and then decreases
with further incresses In primery pressure ratio for the two mmaller-
dlameter-ratio ejectors. Thils trend is epparently caused by & change
in the primexry-Jet-stream configuretion, which progressively f£ills more
of the mixing-sectlion flow area thereby blocking, to varylng degrees,

the secondsry flow.

Thls phencmenon occurred gqulite consistently in the experlments
but with verying effectiveness, being less effectlive at lerger dlemeter
ratios. For example, the 1.2L diemeter-ratio ejector (fig. 3(e))
shows only a slight over-all blocking effect between primery pressure
ratios of 1.8 and 2.0; whereess the secondery weight flow for the
1.00~diameter-ratio ejector (fig. 3(c)) repidly decresses to zero
slightly beyond e primary pressure ratlo of 1.8. Figure 4 ghows & plot
of secondary welght flow Wy against primery welght flow Wp for sec~

ondary pressure ratio of 1.000 for the configurations of figure 3.

Generalization of Experimentel Data

The date for each configuration are plotted nondimensicnslly in
figures 5 to 7. Because the model waeg camperatlively large, the model
date can probebly be epplied to ejectors of varlous sizes with negli-
gible scele effect. These curves present secondary-to-primery-welght-
flow reatio WS/WP hereinafter degignated welght-flcow ratlo plotted

agednst primery pressure ratio for a series of egecondary pressure
ratics. Theoretically, the curves of weight-flow ratio at secondexry
pressure ratlos greater or less than 1 extend to positive and negative

infinity, respectively, as the primary pressure ratio decreesses to 1.0.

These phenomena ere Indicated In figures 5 to 7 by the rapld rise in
wolght-flow retio that accompenies decrease in primsxry pressure ratlo
at secondary pressure ratios gresbter then 1.0 and by the decrease in
velght~flow ratio that occurs when the secondsry pressure retlo is

less than 1. For a seccndary pressure rstic of 1.0, however, as the
primary pressure ratlo spproaches 1.0, the welght-flow ratlo approaches
e value of the slope of the curve at zerc as shown in figure 4.

Specing for Meximm Weight-Flow Ratilo

Filgure 8 conslsta of cross plots of figures 5 to 7 showing
welght-flow ratio plotted egainst spacing S/‘Dp at varlous secondary

preasure ratios end verious primery pressure ratios. With a dlameter
ratio of 1.21 or 1.10, as shown in figures 8(a) and 8(b), the spacing
that produces maximm welght-flow ratio ls unchenged by chenge in
gsecondary presswre ratio or in primery pressure ratlo.

236
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At a dlemeter ratlio of 1.00, however, the specing sppears to be much
more criticel, as shown in figure 8(¢). There is a slight decrease

in specing for maximum welght-flow ratio wilth decressing secondary
pressure ratlo end a definite decrease in this specing with Increas-
ing primery pressure rablo. For the secondary pressure ratios of

1.000 and 0.885 at & dlemeter ratio of 1.00, the secondary welght-flow
under most conditions wae so amall that a high degree of accuracy was
unobtainable with the spperatus used. Therefore, the welght-flow ratios
indicated in figure 8(b) for secondary pressure ratios lese then 1.050
ere questlionsble. The curves show, however, the spproximete weight-
flow rablos to be expected and give an indicetion of the criticel oper-
ation of eJectors at the dlemeter ratio of 1.00. The range of spaclngs
for posltive ejector pumping ectlon decreeses and shifts to smaller
spacings with decreesing dismeter ratlo. At e diameter ratio of

1.00 (fig. 8(c)), the rsenge also decreases with increasing primery pres-
sure ratlic end decreasing secondery pressure rabtlo; therefore, the
spacing for an ejector design of this dismeter ratio must be carefully
selected to insure posltive pumping action st a1l operating points over
a renge of pressure conditions. This xrelatlon further emphasizes the
fact that ejector operation at a dlemeter ratio of 1.00 1s compera~-
tively criticel and should be svoided on turbojet-engline installations.

EJector Thrust

The effect of the use of en ejector located within the spacing
renge for meximm welght-flow ratio on totel thrust is shown In figure
9. The solid line is the curve of thrust developed by the primary-Jet
nozzle alone and 1s plotied sgainst primery pressure ratio. The datba
polnts represent values of thrust obtalned wilith ejector configurations
of diemeter ratlioe of 1.21, 1.10, and 1.00 at severel secondary pres=
sure ratios. The plot Indicetes 2 slight decrease in thrust from use
of the sjectors. The effect on thrust of varying the spacing of ejec-
tors having dismeter ratios of 1.21, 1.10, and 1.00 are showvm in figures
10(a), 10(b), and 10(c), respectively. These curves indicate & decrease
in thrust with an Increase in spacing. At smell spacings and some pres-—
sure conditlions, total thrust is glightly grester then primesry thrust.
In general, however, the conical nozzle ejector hes 1little effect on
Jet thrust.

Ejector Configurations for Constant

Welght-Flow Ratlo

Charts were constructed from figure & to show the variation of

spacing S/DP wlth diemeter ratio DS/T?Dp for constent wsight-flow
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ratio WS/WP (fig. 11). Each chart has been plotted for one perticular
primexry preassure ratlo Pp/];s0 and one gecondary pressure ratlo Ps/PO'

The lines of constant weight-flow ratio ws/wp define a seriles of

eJector configurations that will pum a particuler weight-flow ratilo
under the stated primary and secondsry pressure canditions. There iz a
mintmm value of dlameter ratlo and of spacing that will pump each valus
of weighbt=flow retio. In figure 11(a), lines of minimm dlameter ratio
end minimm spacing have been drawn through the respective minimwm points.

The eJector configuretione bounded by the lines of minimm diam-
eter ratio and minimum spacing are the configurations that will, in
generel, be of interest to ejector designers. Within this region the
designer has & certain emount of latitude In the selection of spacing
and diameter ratio for a particular value of welght-flow ratio. Reduc-
tion In the required spacing can be obteined by increesing the dlameter
ratio the proper amount; the Iinverse ls alsgo true. Outside of this
renge of configurations, however, both diemeter ratio and spacing must
be Increesed to obtain a particular value of weight-flow ratlo.

At some pressure conditions, perticulerly those of higher second-
ery pressure retios, the configuretions at minimm spacing were not
reached within the range of dleameter ratlos and posltive spacings inves-
tigeted. The charis, however, indicate that the desligner cen meke
conglderable reduction in spacing from that used at the minimm diem-
etexr ratlo.

Selection of Ejector Deasign

Consgidereble reductlion in spacing from spacing at minimum dlameter
ratio can be realized by increasing the dlameter ratio (fig.ll). In
alrplans instwllatlons, use of ejectors with the minimum spacing 1s
deslreble becanse of spece limitations and also because the emaller
spacings provide the least loss in thrust. Design limitations deter-
mine the amount of increese in dl=meter ratio that can be allowed in
ordexr to obtaln reduction In spacing.

In addition, consideration must be given to the performence of the
ejJector at severel operating condltlons, particularly if several criti-
cal conditions exist around which the eJector must be desligned. The
pumping characteristlcs over a range of pressure conditlons can be
varled to a limlted extent by selection of spacing end dlameter ratilo.
An exemple of variation in pumping characteristics that canbe obtained

966
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with two ejJectors that pump the seme weight flow at a particular design
operating condltion is gliven in figure 12. One configuration 1s the

minimm=-dismeter-ratio configuration and the other is et the minimm-
spacing configuration. Figure 12(a) shows the variation of the weight~
flow ratio wlth secondsry pressure ratio Ps/po for the two configura-

tions, and 12(b) shows the weight-flow ratio plotted sgeinst primary
pressure Yratlo PP /po. Both plote indicate thet the ejector at mindwmum

gpacing gives the least deviation In welght-flow ratio from thet at the
design pressure condition.

SUMMARY OF RESULTS

Performence investigations were conducted ON model conical-mixing-
section eJectors wilth ratios of mixing-section minimum diemeter to
primaxry-Jet-nozzle diameter of 1.21, 1L.l0, and 1.00, and severel axial
spacings, using unheated alr. Resulte were cross-plotted in order to
show the performance of ej ect ors with configurations within the range
of those investlgated. The ejectors lunvestigated conducted secondary
alr flows of about 15 percent of the primary flow when the secondary
pressure retio was less than or equal to 1l.0. In generel, the net thrust
of the ejector was neglligibly different from the thrust of the primery
Jet alone.

The ejector spacing regulired 4o pump meximm welght flow was inde-
pendent of primary and secondary pressure ratios for dlemeter rati os of
1.21 and 1.10. The spacing for t he 1.00=diameter-ratio ejector varied
considerebly Wit h primery pressure rati 0 and to a lesser extent with
secondary pressure ratlio. The range of spacings giving measureble sec-
ondary welght flows decreased repldly wlith decrease in diameter ratlo
to an extremely nsrrow useful spacing range at a dismeter ratio of 1.00.
The narrow range of useble spacings snd the veriatlon of eJjector effec—
tiveness with change in primary end secondsry pressure ratio indicated
that operation of the 1.00-diameter=ratio eJector was very critilcal.
The use of ejectors with diameter rabtlos near 1.00 should therefore be
avoided. The larger the dlameter ratio the less sensltive the eJector
was to operational and constructionsl variebles.

Flight Propulelon Research Leboratory,
Natlonal Advisory Cammlttee for Aeronsutics,
Cleveland, Ohio.
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Fiow » _ _ _D.f; Dg PO

H—+

exit dianeter of primary nozzle

Dp

Dy exit dianeter of miXxing section

Py total primary pressure

Py tOt al secondary pressure

Po anbient pressure

S distance from primary exit to mixing-section exit

T primery ai r temperature, OF
Tg Secondary air tenperature, ©OF
W, prinary weight flow, 1b/sec
Wy secondary weight flow, 1b/sec
a hal f-cone angle, deg

Pp/po primary pressure ratio

Bg/Pg Secondary pressure ratio

Figure 1. = Nomenclaturs fur ® jsatorr with coniealmixing sections.
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'!'igma 2. = Sohesatic diagren of molsl metup for ejector investigntion.
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Figure 3, = Effeat of prim and secondary pressure r ati 0S On induced secondary
weight [low for conloal-mixing-section ejeetor. Secondary=to=primary=alr
temperaturerat-| 0 T/Tp, 1. 0.
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Pigure 3. = continued. Effect of primary and secondery presaure rati 0S on induced

secondary weight £low f Or conical-mixing~sectionejector. Secondary-to-primary-
air tenperature ratio ry/T,, 1.0
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Figure 3., = Concluded. Effect of primary and second-
ary pressure ratios on induced secondary welght
flow for conlical-mixing-sectlon ejector. Secondary-
to-primary-air temperature ratio Ts/TP’ 1l.0.
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Figure 5.

= Continued,
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Primary pressure ratio, rp/po

(b) spacing s/np. 0.266,

Effect of p.imary and secondary preassure ratiocs and

t-flow ratic for a conicsl-mixing-~seotion ejector
Secondary-to-primary=-air temperature ratio
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Wolght-flow ratio, Ws/Wp

\ ) Secondary pressure
-28 ratio, B /po
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Flgure 5. - Continued. Effect of primary and secondar

spaci ng on ejector weight-fl ow ratio fora conleal

pressure rati 0s and
Xing-section €] ector

having dianeter ratio of 1.2l. secondary-to-primary-air tenperature ratio

T./Tp. 1.0.
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Pigure 5. - Continued. Effect of primary and secondary pressurerati o8 and
spacing on ejector weight-flow ratio fora conlcal-mixing-seotlion ejector
having diameter ratio of 1.21. Secondary-to-primary-alr temperature ratio

Tg/Tpe 1.0.
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bob

Weight-flow ratio, W,/W,
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Figure 5. = continued. Effeet of primary and secondary preasure ratlos and
Spacing on ejector weighteflow rati 0 for a conical-mixing-section ejector

having diameter ratio of 1.21. Secondary-to-primary-air

TS/TP’ 1.0.
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(f) Spacing s/py,, 1.795.

Pigure 5. - Continued. Effect of primary and secondary pressure ratios and

spacing on ejector wei ght-flow ratic fOr & eonical-mixing-section €] €ctor
having diameter ratio of 1.21. secondary-to-primary-air tenperature ratio

Tg/Tp 1.0



L+1-]

“"

NACA RM No. EBD23 21
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32

«28

«24

«20

«16

<08

Q4

Fi

g ~ACh
L Secondary pressure
retlio, Pa/rg
o 1.080
a 1,000
o] «+986
\ A «926
>
| ™~
s o
\ n
— 1
7 ) —~_
/
1.0, 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Primary pressure ratio, %/po
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